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Abstract 



Screening Phannacopeia's encoded combinatorial libraries has led to the .denofication of potent selective co^pejuve 
antagonists at the bradykinin Bl receptor. Libraries were screened using a displacement assay of [ Hl-des^Arg -kaU.dm 
(['Hl-dAK) at IMR-90 cells expressing an endogenous human Bl receptor (B„„ = 20,000 receptors/cdU - 0.5 ± 0 1 
l7or against membranes from 293i cells expressing a recombinant human Bl receptor (^_= 8.000 -eptors/ce^ 
K = 0 5 ± 0 3 nM). Compound PS020990. an optimized, representative member from the class of compounds, inhibits 
sJ^ific btading of ^H-dAK at IMR-90 cells with a , of 6 ± 1 nM. TTie compound inhibits dAK-induced phosphaudyl 
n^S turnover {K,^ = 0.4 ± 0.2 nM) and calcium mobiUzation iK,^= n ±2 nM) in IMR-90 cells. Compounds from 
ZI^ZL are i'rS?tive at the B2 receptor and are > 1000-fold specific for Bl vs a vanety of other recep«,n. .on 
channels and enzymes. PS020990 and other related chemotypes therefore offer an "PP^'^Sr S^^^^^^^ 

the role of Bl receptors in disease models and represent a potential therapeutic avenue. © 1999 Ebevier Science B.V. All. 

rights reserved. 
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1. Introduction 

The kinins, potent mediators of inflammation and 
algesia, are known to exert their actions through 

Abbreviations: dAK, Des-Arg'°-kallidin or lys"-des-Arg'- 
bradykinin; Bl, Bradyldnin receptor subtype I; B2, Bradykimn 
receptor subtype 2; BK, Bradykimn; EOF, Epidermal growth 
factor, FBS, Fetal bovine semm; ILip, Interleukin ip; ATeapp. 
apparent; LPS, Bacterial Upopolysaccharide; PBS, Phosphate- 
buffered saline; PI Phosphatidyl inositol; PfTO, PI turnover 
* Corresponding author 

01620109/99/$ - see front matter © 1999 Elsevier Science B.V. 
PU: 80162-3109(99)00130-7 



binding to two receptor subtypes (Regoli and Barabe, 
1980). The subtypes differ in their affinities for 
various natural and syndietic peptide ligands as well 
as in their regional and temporal expression. For 
example, the B I receptor is not normally present in 
healthy tissues but rather its expression is induced by 
immunopathology or following injury, whereas the 
B2 receptor is widely and constitutively expressed 
(Dray and Perkins, 1993; Davis and Perkins, 1994).- 
The Bl receptor is thought to play a role in chronic 
inflammation, hyperalgesia and septic shock, whereas 

rights reserved. 
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evidence suggests that the B2 receptor acts as a 
mediator of acute inflammatory and algesic re- 
sponses (Menke et al„ 1994; Marceau et al., 1997; 
for review of Bl, see Marceau, 1995), Several ani- 
mal models suggest that antagonism at the Bl recep- 



tor would represent a very attractive target for 
antinociceptive therapy. While several peptide and 
non-peptide antagonists at the B2 receptor are avail- 
able and have been studied, only peptide antagonists 
at the Bl receptor have been reported to date. 
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Fig. I. Ligand displacement activity profile from an active and inactive sublibrary. Panel A: Profile of a sublibrary containing numerous 
active compounds; 20 compounds per well. Panel B: Profile from a typical inactive sublibrary; 20 compounds per well. Panel C: The rearniy 
plate contains a single compound per well. Numbers on the abscissa refer to microliter dish well number. Numbers on the oixlinate refer to 
percent activity as compared to the no compound control wells. Dashed line indicates 3 standard deviations from the mean and represents 
the threshold for distinguishing active compounds. 
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Using ECLiPS ^(Encoded Combinatorial Library 
on Polymeric Support), a proprietary tagging tech- 
nology, Pharmacopeia has generated large combina- 
torial chemical libraries, now consisting of 3.9 mil- 
lion diverse, easily identifiable, small molecules 
(Ohlmeyer et al., 1993; Chabala, 1995; Appell et al., 
1996). A high-throughput screening assay was devel- 
oped to search Pharmacopeia's chemical libraries for 
small molecule antagonists at the human Bl recep- 
tor. Several active chemical compounds were identi- 
fied in one library that generated a useful initial 
structure-activity relationship (SAR). The SAR in- 
formation was used to generate additional chemical 
entities with improved potency. Described below are 
the properties of one such novel small-molecule, 
non-peptide antagonist at the human Bl receptor. 



cal to the variant reported by Aramori et al. (1997). 
A Kozak consensus sequence (Kozak, 1986) was 
incorporated into the 5' oligonucleotide and the re- 
sulting fragment was cloned into an episomal vector, 
pE3 (Horlick et al., 1997). The Bl-expressing vector, 
pE3-hBl, was stably transfected into 293EBNA cells 
(Invitrogen, Carlsbad, CA) using the calcium phos- 
phate method of Sambrook et al. (1989) to generate 
the cell line, 293E-hBl. Cells were maintained in 
DMEM medium supplemented with 10% FBS, 5 
mM Glutamax (Life Technologies, Gaithersburg, 
MD), 100 U/ml penicillin, 100 M-g/inl streptomycin 
and 250 \x.g/m[ hygromycin B. In contrast to IMR-90 
cells, 293E-hBl cells did not require induction to 
express the B 1 receptor. 

2.2, Screening and receptor binding strategy 
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2. Materials and methods 



2.1, Cell lines 



2.LI, Natiuely expressing human Bl cell line 

The IMR-90 cell line, a human lung fibroblast 
derived line that can be induced to express its en- 
dogenous Bl receptor (Goldstein and Wall, 1984; 
Menke et al., 1994), was obtained from the Ameri- 
can Type Culture Collection (Rockville, MD). Cells 
were cultured in MEM with Earle's BSS (Life Tech- 
nologies) supplemented with 10% FBS, 1 mM 
sodium pyruvate, non-essential amino acids and 5 
mM glutamine and were maintained for no more 
than 34 passages. To induce expression of the en- 
dogenous Bl receptor, IMR-90 cells were treated for 
4 h at 37**C in humidified 5% CO^ atmosphere with 
0.2 ng/ml interleukin Ip (ILip) in DMEM media 
with pyruvate supplemented with 10% FBS, non-es- 
sential amino acids and 5 mM L-glutamine (induc- 
tion media) (Goldstein and Wall, 1984; Menke et al., 
1994). 

2./. 2. Construction of a transfected human Bl cell 
line 

Since the entire coding sequence for the human 
Bl receptor is contained within a single exon 
(Marceau et al., 1997), the coding region was PGR 
amplified directly from human genomic DNA (Pro- 
mega, Madison, WI). The resulting clone was identi- 



Pharmacopeia ECLiPS"* Libraries were screened 
in binding displacement assays as described in Ap- 
pell et al. (1996) using induced IMR-90 cells or 
293E-hBl membranes. Resynthesized compounds 
were sonicated in 100% DMSO for 10 min at room 
temperature and diluted to 1 mM or 0.1 mM in 100% 
DMSO, as appropriate. Binding assays were per- 
formed in assay buffer (M199 media (Sigma), 25 
mM HEPES buffer. 0.2% BSA, 1 |xM phosphorami- 




R Group 



Fig. 2. Synchon frequency cable. The core chemical scaffold in the 
active library contains four positions of variability with 31, 31, 4 
and 38 possible substituents or "synthons*' al each of the four 
positions, respectively. Summarized are the results for 35 decoded 
compounds. 
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don, 1 |xM Captopril, 2 |xM DTT, and 3 \lM 
amastatin) in the presence of 0.75 nM [^H]-dAK, 
antagonist at the appropriate concentration. 4% 
DMSO, and 50,000 cells (IMR-90) or 100,000 cell 
equivalents (293E-B1) in 96- well microtiter dish for- 
mat. Binding reactions were allowed to proceed for 
1.5 h at room temperature and were terminated by 
addition of 150 jjil ice-cold PBS. Reactions were 
transferred to glass fiber filter plate that was blocked 
with polyethylimine and washed 3 X with ice cold 
PBS. 40 ul per well of scintillation fluid was added 
and filters were counted for 10 min per well. 

Panel A. 
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Fig. 3. Inhibition of [^H]-dKD binding to Bl receptors by 
PS020990 in IMR-90 and 293E-B1 cells. Binding was performed 
with 0.75 nM of (^H]-dAK and varying amounts of dAK or 
PS020990. Shown are graphs taken from a single experiment 
representative of three independent assays. Panel A: IMR-90 cells; 
Panel B:293E-Bl. 
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Fig. 4, Competition of ['H]-dAK saturation binding by PS020990 
in IMR-90 cells* Saturation binding was performed in the presence 
or absence of 10 nM PS020990.: 



2.3. Calcium mobilization assays 

Calcium mobilization assays were performed with 
modifications of the procedure of Tsien et al. (1982). 
IMR-90 cells were treated with ILip to induce Bl 
receptors, trypsinized from flask, counted, and resus- 
pended at 3 X 10^ cells/ml in assay buffer (de- 
scribed above) containing 1 mM probenecid. Fluo3 
(in DMSO containing 10% Pluronic F127) was added 
to the culture at a final concentration of 9 ng/ml and 
cells were gently rocked for 1 h in the dark. Cells 
were washed twice with assay buffer and resus- 
pended at 6 X 10^ cell/ml in assay buffer. To each 
well, 25 jjlI of 2 X -concentrated agonist and 2 |jl1 of 
25 X -concentrated antagonist, or buffer alone, was 
added. Reactions were initiated by addition of 25 I 
of the cell suspension and plate was read immedi- 
ately on a SpeedReader (33 frames, 500 ms per 
frame, 1 s delay between frames; custom made by 
SAIC, San Diego, CA). Maximum and minimum 
calcium values were calculated by addition of 10 |xl 
of 10% Triton X-100 or 10 \i\ of 500 mM EGTA per 
well, respectively, shaking for 3 min, and reading a 
single, still frame. 

2.4, PI turnover assays 

IMR-90 cells at 2.5 X 10^ cells in 1.5 ml culture 
media were plated per well in a 6-well microtiter 
dish and typically 2-4 uCi of ["^Hj-myoinositol (New 
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England Nuclear) was added per well. Cells were 
incubated at 3TC in humidified 5% CO 2 for 36-50 
h. Culture media was replaced with induction media 
4 h prior to assay to induce Bl expression. Immedi- 
ately preceding the assay, induction media was re- 
moved and assay buffer supplemented with 20 mM 
LiCl was added to cells. Test compound or buffer 
was added and cells were incubated at 37°C for 
10-15 min. dAK was subsequently added and cells 
were incubated a further 30-45 min at 37°C. Reac- 
tions were terminated by removal of media and 
addition of 2 nJ of boiling 2 mM EDTA (pH 5-6). 
Cooled lysate was loaded on a 1 ml AGI-X8 Dowex 
resin (BioRad) that had been prewashed with for- 
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Fig. 6. Effect of PS020990 on PI turnover in IMR90 cells 
mediated by dAK at the Bl receptor. Data shown are representa- 
tive of three independent assays. 



mate buffer (4 M anmionium formate, 200 mM 
formic acid) and pre-equilibrated with 170 mM 
aqueous NH4OH. Loaded columns were rinsed first 
with 170 mM aqueous NH4OH, then with (40 mM 
ammonium formate, 0.1 M formic acid), and ra- 
dioactive inositol phosphates were eluted with 1 ml 
(4 M anunonium formate, 0.2 M formic acid). Sam- 
ples were counted in the presence of 2 ml scintilla- 
tion fluid. 



Panel B. 
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Fig. 5. Effect of PS020990 on Ca flux in IMR90 and tnmsfected 
293E cells mediated by dAK at the Bl receptor. The graph shown 
is a composite of data from three independent experiments. Panel 
A: IMR90 cells: Panel B: 293E-bl cells. 



3. Results 

3,1. Idisntification of compounds active at the Bl 
receptor 

A high-throughput assay to measure the binding 
of [^H]-dAK to Bl receptors on IMR-90 cells was 
established in 96-well microtiter dish format. In a 
screen of a 150,000 member chemical library arrayed 
at 20 compounds per well, several wells showed 
activity in inhibiting ligand binding. Inhibition of 
[^H]-dAK binding appeared in several sublibraries 
(sections of the library defined by the synthon added 
during the last step of combinatorial synthesis. Fig. 
la-b). Rearray of positive wells to single com- 
pounds per well led to confirmation of the primary 
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Table I 

Specificity of compound PS309799 


Receptor 


% Inhibition at 
10 jiM PS309799 


MeurotransrrutteT'-rcla.ted 




Adenosine 


Adrenergic, alpha 1, non-selective 




Adrenergic, alpha 2, non-selective 


1 e 
ID 


Adrenergic, beta, non-selective 


U 


Dopamine transporter 


4/ 


Dopamine, non-selective 


\d 
I'r 


GABA A, agonist site 


n 

U 


GABA A, bciEodiazepine» central 


n 
u 


Glutamate, AMPA site 


u 


Gluiamate, kainate site 


U 


Glutamate, NMDA agonist site 


U 


Glycine, strychnine sensitive 


0 


Histamine HI 


n 
u 


Histaimne H2 


12 


Muscarinic. M2 


17 


Muscarinic, non-selective, central 


13 


Muscarinic, non-selective, peripheral 


5 


Nicotinic, a-bungarotoxin insensitive 


0 


Norepinephrine transporter 


5 


Opiate, non-selective 


3 


Serotonin transporter 


13 


Serotonin, non-selective 


u 


Sigma, non-selective 


0 


Steroids 




Estrogen 


13 


Testosterone 


0 


Ion channels 




Calcium channel, type L 


*> 1 


Calcium channel, type N 


U 


K"^ channel, ATP-sensitive 


2. 


channel, Ca-activated, VI 


2 


K"^ channel, Ca-activated, VS 


o 


Sodium channel, site 2 


1 Q 
IJ 


Second messengers 




NOS, neuronal 


U 


Prostaglandins 




Leuxotnene d4, L i d4 


A 
*r 


LeuKotnene 1/4, L. i U4 


Jo 


Thromboxane A2 


O 


Growth factors/ hormones 




Corticotropin releasing factor 


32 


Platelet activating factor 


0 


Thyrotropin releasing hormone 


0 . 


Brain / gut peptides 




Angiotensin Q, ATI 


0 


Angiotensin II. AT2 


0 


Bradykinin B2 


12 


CGRP, central 


0 


Cholecystokinin, CCKl 


0 


Cholecystokinin, CCK2 


1 


Endothelin, ET-A 


16 



Table 1 

Receptor % Inhibition at 

10 jjlM PS309799 

Endothelin, ET-B 20 

Galanin 10 
Neurokinin, NKl 0 
Neurokinin, NK2 0 
Neurokinin, NK3 0 

Vasoactive intestinal peptide, non-selective 18 

Vasopressin 1 15 
Enzymes 

Acetylcholinesterase 0 
Choline acetyltransferase 0 
Glutamic acid decarboxylase 4 

Monoamine oxidase B, MAO-B 20 



screen activity (Fig, Ic). These structures were de- 
coded and several compounds were resynthesized for 
assessment in ligand displacement assays. The initial 
screening hits in the chemical series had affinities for 
the B 1 receptor in the range of 200-400 nM. Analy- 
sis of the active substituents in the four combinato- 
rial positions of variation in the structures indicated a 
distinct synthon preference (Fig. 2). For instance, of 
31 possible substituents at position 1, synthon 4 was 
found in 18 out of 35 decoded structures. Likewise, 
at position 2, of 31 possibilities synthon 7 was found 
19 times; whereas synthon I was the only chemical 
moiety identified at position 3 in all 35 structures. Of 
38 sublibraries representing position 4, sublibrary 3 1 
was the most active, providing nearly half of the 
decoded molecules. The characterization of synthon 
preferences and variations permitted a good initial 
understanding of a structure-activity relationship for 
subsequent synthesis of analogs. Through a combina- 
tion of screening parallel synthesis chemical libraries 
and traditional medicinal chemistry efforts, a signifi- 
cant number of compounds were generated with 
affinity at the human Bl receptor of 1-10 nM. One 
such analog, PS020990, inhibited binding of [^H]- 
dAK [K^ = 03±0.01 nM, (24)] to cytokine-in- 
duced IMR-90 and 293E-hBl cells, with Kj values 
of 6 ± 1 nM (9) (Fig. 3, panel A) and 19 ± 14 nM 
(3) (Fig. 3, panel B), respectively. Binding inhibition 
was complete with reduction of [^H]-dAK to non- 
specific binding levels and slopes of the inhibition 
curves were not significantly different from unity. 
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When saturation binding of [^H]-dAK is performed 
in the presence of 10 nM PS020990, there is a 
rightward shift in the value without any change 
in the fi^^^ consistent with a competitive mechanism 
of binding (Fig. 4). 

3.2. Characterization of PS020990 in signal trans- 
duction assays 

The Bl receptor is known to transduce intra- 
cellular signals via coupling with the G protein, Gq, 
and activation of phospholipase C that can be ob- 
served as a transient flux of intracellular calcium and 
as an increase in phosphatidyl inositol (PI) turnover 
(PrrO) (Marsh and Hill, 1994; Butt et al., 1995; 
Austin et al., 1997). To address the question of 
whether PS020990 is a bona fide antagonist, the 
^[ ability of the compound to inhibit the mobilization of 

intracellular calcium and accumulation of PI was 
measured. In both IMR-90 cells (expressing endoge- 
nous Bl receptors) as well as stably transfected 
293E-hBl cells, PS020990 inhibited dAK-induced 
intracellular calcium mobilization. dAK causes a mo- 
bilization of calcium with an EC50 of 4.2 ± 0.5 nM 
|[ (11). In the presence of PS020990, the agonist-re- 

^ sponse curves were shifted rightward with slopes 

near unity, and without reduction in maximal agonist 
effects. The K^^^^ values in IMR-90 and 293E-hBl 
cells were 17 ±2 nM (4) and 45 ±11 nM (4), 
respectively (Fig. 5). These Ca-^ /Ceapp values are 
consistent with values from binding. Similarly, 
increasing concentrations of the compound inhibited 
dAK-induced phosphatidyl inositol turnover in IMR- 
90 cells as measured by a series of parallel, right- 
ward shifted response curves (dAK EC50 = 0.17 ± 
0.05 nM (12); PS020990 K^,^^ = 0.4 ± 0.2 nM (2); 
Fig. 6) providing further evidence for a competitive 
mechanism of binding. PS020990 has no intrinsic 
agonist activity as evidenced by failure to elicit 
calcium flux or PI induction at a concenU-ation of 1 
|xM (data not shown). 

J.5. Specificity of binding of the lead series 

The ability of several molecules in the same 
chemical series as PS020990 to inhibit binding of 
[^Hl-bradykinin ([^H]-BK) at the B2 receptor was 



assessed. Members of the series fail to inhibit [^H]- 
BK binding (Table 1) or BK-induced calcium mobi- 
lization (data not shown) at 10 \iM concentration. 
Compound PS309799, a closely related chemotype 
to PS020990, has an affinity at the Bl receptor of 
3 ± I nM and was evaluated for specificity by as- 
sessing its activity in 57 different receptor, ion chan- 
nel and enzyme-based assays. At a concentration of 
10 |jlM, PS309799 had little or no activity in any of 
the assays (Table I). These data are consistent with 
the suggestion that PS309799 and related compounds 
are highly selective for the Bl receptor subtype. 



4. Discussion 

PS020990 is a member of a class of molecules 
that may be considered as being composed of four 
domains (corresponding to the combinatorial syn- 
thetic steps from which it was derived), the central 
element of which is a bi-heteroaryl core. Potent 
members of the class contain a range of hydrogen 
bond donating and accepting functionality, for exam- 
ple, PS020990 has tiiree hydrogen bond donor and 
five hydrogen bond acceptor sites. PS020990, one of 
the more lipophilic examples, has a molecular weight 
of 611 Da, but other members of the series with 
ATj < 20 nM have lower logP and range in molecular 
weight from 457 to 612 Da. The active molecules are 
in general drug like and they are devoid of function- 
ality often associated with toxicity, for example ni- 
tro, aniline, active halogen or Michael acceptors and 
they do not contain metabolically labile moieties 
such as esters, sulfhydryl or phenols. 

The data reported here demonstrate that PS020990 
is a potent, selective, competitive inhibitor of human 
Bl receptors expressed in cytokine-induced, natively 
expressing cells, as well as in a recombinantiy engi- 
neered, constitutively expressing cell line. The com- 
pound potentiy inhibits dAK-induced mobilization of 
intracellular calcium and accumulation of PI, consis- 
tent with its action as an antagonist. There are no 
significant differences in the potency of compound 
PS020990 in binding nor in inhibition of calcium 
mobilization, between the inducible, native Bl recep- 
tor in IMR-90 cells as compared to the constitutively 
expressed, recombinant Bl receptor in 293E ceils. 
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This is consistent with the findings of Bastian et al 
(1997) who find no differences in affinity of various 
BK and dAK related peptides at the native vs. re- 
combinantly expressed Bl receptors. 

It is interesting to note differences among the 
various measures of compound potency. The of 
PS020990 at die B 1 receptor is 6 nM, for inhibition 
of calcium mobilization the ATg^pp is 17 nM, and for 
inhibition of PITO the A:B^pp is 0.4 nM. While the 
binding inhibition constant and ^Bapp calcium flux 
inhibition figures are consistent based on receptor 
occupancy considerations, the potency of die com- 
pound in inhibiting accumulation of PI is greater 
than expected. The molecular basis for this differ- 
ence is unknown but could be due to the existence of 
reserve or **spare*' receptors, to coupling via alterna- 
tive G protein species, or to another, as yet uneluci- 
dated mechanism. 

Several B I specific peptide antagonists, especially 
des-Arg^^, Leu^-kallidin, have been widely available 
for several years and have been used to characterize 
the role of Bl receptors in various physiopatholo- 
gies. However, while des-Arg^°, Leu'-kallidin and 
related prototypical Bl peptides do indeed function 
as antagonists at the human Bl receptor, they have 
been found to exhibit significant partial agonist ac- 
tivity at the canine and murine B I receptor (MacNeil 
et al., 1997; Regoli et al., 1998). The agonist activity 
renders these peptides less useful as tools in charac- 
terizing the role of B I receptor in animal models of 
pain and inflammation. Only very recently have 
metabolically stable, B l receptor peptide antagonists 
devoid of agonist activity been described (Regoli et 
al., 1998). To our knowledge, the work described in 
this report represents the first description of a potent, 
selective, non-peptide antagonist for the human 
bradykinin B I receptor. We anticipate that PS020990 
and its related analogs will be useful in assessing the 
role of the Bl receptor in various immunopathologi- 
cal conditions. 
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